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Abstract

Iron overload, a common clinical occurrence, is implicated in the
metabolic syndrome although the contributing pathophysiological
mechanisms are not fully defined. We show that prolonged iron
overload results in an autophagy defect associated with accumula-
tion of dysfunctional autolysosomes and loss of free lysosomes in
skeletal muscle. These autophagy defects contribute to impaired
insulin-stimulated glucose uptake and insulin signaling. Mechanisti-
cally, we show that iron overload leads to a decrease in Akt-
mediated repression of tuberous sclerosis complex (TSC2) and
Rheb-mediated mTORC1 activation on autolysosomes, thereby
inhibiting autophagic-lysosome regeneration. Constitutive activation
of mMTORC1 or iron withdrawal replenishes lysosomal pools via
increased mTORC1-UVRAG signaling, which restores insulin sensitiv-
ity. Induction of iron overload via intravenous iron-dextran delivery
in mice also results in insulin resistance accompanied by abnormal
autophagosome accumulation, lysosomal loss, and decreased
mTORC1-UVRAG signaling in muscle. Collectively, our results show
that chronic iron overload leads to a profound autophagy defect
through mTORC1-UVRAG inhibition and provides new mechanistic
insight into metabolic syndrome-associated insulin resistance.
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Introduction

Iron is an essential element involved in multiple cellular processes
such as erythropoiesis, mitochondrial respiration, and growth/dif-
ferentiation [1-3]. The total amount of labile iron must be precisely

regulated and in circulation iron typically exists bound to transferrin
(TF) [4,5]. However, when iron exceeds TF capacity, iron homeosta-
sis becomes imbalanced [6] and non-TF bound iron contributes to
pathophysiological processes, including insulin resistance and
diabetes [7-10]. Interventions to reduce iron have been reported to
improve insulin sensitivity and delay the onset of type 2 diabetes
(T2D). These include use of chelators [11-13], blood-letting [14-16],
and iron restriction diet [17]. However, the molecular mechanisms
linking iron overload (IO) to T2D are poorly understood. Cellular
labile iron, which contains chelatable redox-active Fe?* /Fe®", has
been implicated in iron-mediated cellular toxicity by increasing oxida-
tive stresses. Excess accumulation of intracellular iron leads to the
generation of reactive oxygen species (ROS) and tissue damage [2,18].

We have previously shown that autophagy plays an important
role in regulating insulin sensitivity and metabolism in skeletal
muscle [19]. Autophagy is a stress-sensitive cellular degradative
process capable of clearing and recycling potential substrates such
as damaged mitochondria and protein aggregates [20]. Indeed,
autophagy is generally considered to play a protective role against
T2D, recycling nutrients to maintain energy homeostasis and
remove damaged organelles [21,22]. IO has been described to regu-
late the activity of both AMP-activated protein kinase (AMPK) and
mTOR complex 1 (mTORC1) [23,24], which are both established
upstream regulators of the autophagy pathway [25,26]. However,
the potential mechanisms linking I0-mediated autophagy to insulin
resistance remain to be elucidated.

Here, we established in vitro and in vivo models to examine
direct effects of I0 on autophagy flux in skeletal muscle and its
significance in insulin resistance. We describe a mechanistic link
between chronic IO and autophagy dysfunction, which alters insulin
sensitivity in skeletal muscle. We identified the regulation of
mTORC1 by IO as a double-edged sword that initially leads to tran-
sient autophagy activation, but ultimately causes an autophagy
defect through loss of autophagic-lysosome regeneration (ALR), a
newly discovered membrane recycling mechanism that to date has
not been identified as a contributor to pathophysiology [27]. The
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data presented here provide new mechanistic knowledge to enhance
our understanding of the pathogenic mechanisms of 10, which may
have widespread consequences in insulin resistance, metabolic
dysfunction, and beyond.

Results
Iron overload (10) induced insulin resistance in L6 cells

Skeletal muscle is a primary consumer of glucose, yet the effects of
10 on glucose uptake and insulin sensitivity are not known. There-
fore, we first sought to determine whether IO induces insulin resis-
tance in rat L6 skeletal myoblasts. An experimental model of I0 was
established by treating cells with ferrous labile iron for up to 24 h.
The extent of IO was then determined via dose and temporal analy-
sis using biochemical intracellular iron measurement (Fig 1A). The
concentration selected for subsequent use, 250 uM, is intended to
mimic IO and is consistent with iron concentrations used in the liter-
ature for other cell types [28,29]. Conventional iron overload
response [5] by skeletal muscle cells was monitored by using an
iron response element (IRE)-driven reporter construct tagged with
cyan fluorescence protein (CFP) transfected in L6 cells as well as the
use of fluorescence-based indicators of iron levels (IP-1). We
observed that iron treatment for 24 h increased the expression of
CFP and fluorescence of iron probe 1 (IP-1) without adversely
affecting viability (Figs 1B and EV1A). Analyzing increased intracel-
lular iron via quenching of the iron-sensitive fluorescent probe phen
green SK (PGSK), we confirmed elevated iron in our model and that
it could be effectively blocked by the iron chelator, 2,2’ di-pyridyl
(DPD; Fig 1C). We further tested iron-responsive transcription by
performing qPCR against ferritin (FTH and FTL, H-heavy and L-light
chain), ferroportin (SLC40A1), and Tfrl (transferrin receptor 1,
TFRC). Iron treatment for 24 h significantly increased the expres-
sion of ferritins and ferroportin and decreased the expression of Tfrl
(Fig 1D). Transcriptional changes aligned with protein levels indi-
cating that iron treatment significantly increased ferritin heavy chain
and decreased TfR1 expression (Fig 1E). Together, these results
indicate that our in vitro I0 model in skeletal muscle line recapitu-
lates the key hallmarks of 10 [30].

We next analyzed insulin sensitivity after I0 by measuring
glucose uptake and phosphorylation of insulin signaling molecules
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(IRS-1 Y612 and AKT T308) after insulin stimulation. Iron treat-
ment for 24 h significantly reduced glucose uptake following
insulin stimulation (Fig 1F). Additionally, insulin-stimulated phos-
phorylation of IRS-1 and AKT was significantly reduced after 24-h
iron treatment (Fig 1G). Furthermore, we determined that insulin
resistance was due to intracellular iron accumulation since DPD
significantly reduced the intracellular iron accumulation at 24-h
iron treatment and restored insulin-stimulated glucose uptake and
insulin signaling phosphorylation (Fig EVIB-E). Taken together,
our results indicate that IO directly caused insulin resistance in
skeletal muscle.

Prolonged iron treatment causes autophagy flux defects in
skeletal muscle cells

We have previously established that autophagy is an important
regulator of insulin sensitivity in skeletal muscle [19]. Thus, we
analyzed the temporal effect of iron treatment on autophagosome
production and fusion with lysosomes by imaging L6 cells stably
expressing LC3B-eGFP-mCherry. In this assay, eGFP fluorescence
was quenched by low pH after autophagosome fusion with the lyso-
some, whereas mCherry is not [31]. We observed a rapid increase
in the number of autophagosome puncta after iron treatment, which
was corroborated by Western blot analysis of LC3B that showed the
lipidated form of LC3B (LC3-II) was significantly increased after iron
treatment (Figs 2A and B, and EV2A). Consistent with our analysis
of LC3B, we found that p62 puncta formation and protein clearance
were rapidly increased by iron treatment (Figs 2C, and EV2B and
C). Surprisingly, while we observed p62 protein levels decreased
significantly at early time points after iron treatment, we found they
were significantly stabilized at 24 h posttreatment (Fig 2C). p62
stabilization under prolonged iron treatment potentially indicates a
blockage of autophagic flux at later time points. To further analyze
autophagy flux, we quantified the accumulation of lipidated LC3B in
the presence of a late-stage autophagy inhibitor (CQ, chloroquine).
At 4 h after iron treatment, LC3-II significantly increased with CQ,
indicating an induction in autophagy (Fig 2D). However, 24 h after
iron treatment LC3-II levels were elevated but unchanging, indicat-
ing a lack of autophagy flux despite the presence of a large pool of
autophagosomes (Fig 2E).

We also observed autophagosomes under prolonged IO were
morphologically abnormal, with a mean diameter nearly three times

Figure 1. Validation of iron overload (10) model and insulin resistance induction after 10 in L6 muscle cells.

A Ferrozine-based intracellular iron concentration measurement in L6 cells after temporal analysis of iron treatment at 100 or 250 puM for multiple time points.

*P < 0.05 (unpaired Student’s t-test versus each time points with FeSO4, 100 uM).

B Representative confocal microscope images of L6 cells stained with IP-1 (iron probe 1) or transfected with IRE-CFP (iron regulatory element) reporter after iron

treatment (FeSO,4, 250 uM) for 24 h.

C Representative confocal images of L6 cells using iron-sensitive fluorescent PGSK dye after iron treatment (250 pM, 24 h) with iron chelator DPD (500 pM).

D Relative gene expressions—ferritin heavy chain (FTH), ferritin light chain (FTL), ferroportin (SLC40A1, transferrin receptor 1 (tfrl, TFRC)—normalized to 18S rRNA
expression after iron treatment (FeSO,4, 250 pM) for 24 h. *P < 0.05 (unpaired Student’s t-test versus basal).

E Representative Western blot images and quantification of ferritin (heavy chain) and Tfrl (indicated with arrowhead) over GAPDH after iron treatment (250 pM, 24 h).

*P < 0.05 (unpaired Student’s t-test versus basal).

F Glucose uptake of L6 cells with insulin stimulation (10 or 100 nM, 20 min) after iron treatment (250 uM, 1 or 24 h). *P < 0.05 (one-way ANOVA with multiple

comparisons).

G Representative Western blot images and quantification of phospho-IRS1 (Y612) and phospho-AKT (T308) over GAPDH with insulin stimulation (10 or 100 nM, 5 min)
after iron treatment (250 uM, 24 h). *P < 0.05 (one-way ANOVA with multiple comparisons). *P < 0.05 (unpaired Student’s t-test versus iron with insulin 200 nM).

Data information: All experiments were repeated five times. Data are expressed as means £ SEM. Scale bar = 20 um.
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Figure 1.

those in the untreated samples (Fig 2F and G). Enlarged LC3-positive
vesicles are often observed in autophagy-deficient backgrounds
including cells with knock outs in ULK1/2 (Fig EV2D and E), Beclin-
1 [32], FIP200 [33], and ATG14L1 [34]. We next performed live cell
imaging to analyze autophagosome mobility that, in addition to

© 2019 The Authors

Insulin [nM] Insulin [nM]

autophagosome number, is positively correlated with autophagic flux
[35]. As expected, amino acid starvation increased autophagosome
motility to 78 nm/s compared to 44 nm/s in untreated samples indi-
cating an increase in autophagy rates. In contrast, autophagosomes
observed in cells with I0 were nearly static, moving an average of
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Figure 2. Iron treatment transiently induced autophagy yet led to flux inhibition at 24-h iron treatment.

A Representative confocal microscope image of L6 cells stably expressing tandem fluorescent-eGFP-mCherry LC3B treated with iron (FeSO,4, 250 uM) for the indicated

time points (4, 8, 24 h).

B Quantification of mean LC3B puncta per cell from (A). Experiments were repeated three times, and one representative experiment is presented here. *P < 0.05 (one-

way ANOVA with Dunnett’s post hoc test versus basal).

C Representative Western blot images and quantification of p62 to actin in L6 cells after iron treatment (FeSO,4, 250 puM) at multiple time points. *P < 0.05 (multiple

unpaired Student’s t-test versus basal).

D Representative Western blot images and quantification of LC3B-Il to GAPDH in L6 cells after 4-h iron treatment stimulated with chloroquine (CQ, 30 uM). *P < 0.05

(unpaired Student’s t-test versus control, basal, or iron without CQ).

E Representative Western blot images and quantification of LC3B-II to GAPDH in L6 cells after 24-h iron treatment stimulated with CQ 30 uM. *P < 0.05 (unpaired

student’s t-test versus control, basal, or iron without CQ).

F  Representative confocal microscope z-stack image of mCherry-LC3B L6 cells after iron treatment (250 uM, 24 h).
Quantification of LC3B puncta size from (F). Experiments were performed three times, and one representative experiment is presented here. *P < 0.05 (unpaired

Student’s t-test compared to basal).

H Quantification of autophagosome motility from live cell microscopy (Movie EV1) from mCherry-LC3B L6 cells under basal, iron (250 uM, 24 h), and starvation (amino
acid free) condition. Experiments were performed three times, and one representative experiment is presented here. *P < 0.05 (unpaired Student’s t-test compared to

iron 24 h).

| Representative TEM images of autophagosome and autolysosomes in L6 cells after iron treatment (250 uM, 24 h).
] Representative confocal microscope images of eGFP-mCherry-LC3B L6 cells with LysoTracker Deep Red after iron treatment (250 puM, 24 h).

Data information: Data are expressed as means & SEM. Western blot and confocal image analysis were performed three times. Scale bar (confocal microscope) = 10 pum.

Scale bar (electron microscope) = 1 pum.

6.4 nm/s (Fig 2H, Movie EV1). Ultrastructural analysis by transmis-
sion electron microscopy (TEM) showed that chronic IO resulted in a
striking accumulation of enlarged vesicles, characteristic of autolyso-
somes (Fig 2I). To further characterize the blockage of autophagy
that accompanies insulin resistance under chronic IO, we sought to
determine whether lysosomal fusion with autophagosomes was
inhibited at this time point [31,36]. We immuno-stained for endoge-
nous LC3B and LAMP1 and observed large dual positive structures,
which indicated that lysosomal fusion was not inhibited in the accu-
mulated autolysosomes under prolonged 10 (Fig 2J). This was con-
firmed by additional markers for both autophagosomes and
lysosomes (Fig EV2F). Moreover, we found that chronic 10 did not
inhibit the proteolytic activity of lysosomal enzymes (B-glucosidase
and cathepsin B) that were still active in autolysosomes under
chronic IO, indicating that autophagy defects were not caused by an
inhibition of lysosomal fusion or lysosomal enzyme activity
(Fig EV2G-1). However, we also observed that under IO there was a
precipitous loss of “free” lysosomes (defined as LAMPI-positive,
LC3B-negative), with nearly all LAMP1 staining detected on

autophagosomes (Figs 2J, and EV3A and B). Taken together, our data
indicate that IO overload results in a temporary increase in autophagy
rates, followed by an accumulation of non-functional autolysosomes
and autophagy inhibition.

10 inhibits reactivation of mTOR following
autophagosome degradation

The nature of the lysosomal and autophagosomal defects
described above could be consistent with attenuation of the
recently described membrane recycling event termed ALR [37,38].
ALR is essential to sustain prolonged periods of autophagic induc-
tion [37]. ALR is an mTOR-dependent process where membrane
from the spent autophagosome is extruded, followed by scission
to form protolysosomes that then mature into new lysosomes.
mTORC1 promotes this scission after being activated by nutrients
generated from the degradation of autophagic cargo. Importantly,
this function of mTORCI1 acts to promote autophagy under
prolonged stress through the production of lysosomes and is

Figure 3. Iron treatment impaired mTOR restoration following autophagosome degradation and enforced mTOR reactivation reversed autophagy defects

and insulin resistance.

A Representative Western blot images of phospho-ULK1 (S757), phospho-S6Kp70 (T389), total S6K, and GAPDH after iron treatment (FeSO,, 250 uM) for multiple time

points.

B Quantification of mTORC1 activity analyzed through phosphorylation of S6K T389 to total S6k and ULK1 S757 to GAPDH after iron treatment (FeSO,, 250 pM) for
multiple time points. *P < 0.05 (multiple unpaired Student’s t-test versus control at each time point).
C  Representative epi-immunofluorescent images of L6 cells transfected with myc-RHEB Q46L and immuno-stained against LC3B and myc after iron treatment

(FeSO4, 250 uM) for 24 h.

D  Ferrozine-based colorimetric measurement of intracellular iron in wild-type (wt) L6 and RHEB-Q64L L6 cells after iron treatment (50 or 250 uM) for 24 h.
E Representative confocal images of wt L6 and RHEB-Q64L L6 cells pulsed with LysoTracker Deep Red and immuno-stained against LC3B after iron treatment

(250 pM, 24 h).

F Quantification of LC3B-free lysosome numbers in (E). Experiments were repeated three times, and one representative experiment is presented here. *P < 0.05

(multiple unpaired Student’s t-test versus basal in wt and RHEB Q64L cells).

G  Representative TEM images of wt L6 and RHEB-Q64L cells after iron treatment (250 puM, 24 h).
H, | Representative Western blot images and quantifications of phospho-IRS1 (Y612, indicated by arrowhead) and AKT (T308, indicated by arrowhead) to GAPDH in wt
and RHEB-Q64L L6 cells stimulated with insulin (L00 nM, 5 min) after iron treatment (250 puM, 24 h). *P < 0.05 (multiple unpaired Student’s t-test versus basal in

wt and RHEB Q64L cells).

Data information: All experiments were performed three times. Data are expressed as means + SEM. Scale bar (confocal microscope) = 10 um, (electron

microscope) = 5 um, and (epi-immunofluorescent microscope) = 25 and 5 pm.

© 2019 The Authors
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independent of the autophagy-suppressive effects mTORC1 exerts
under basal conditions [37]. Therefore, we next sought to monitor
mTORC1 activity in iron-treated samples. Temporal analysis of
mTORC1 target phosphorylation (p-S6K T389 and p-ULK1 S757)

6 of 18  EMBO reports 20: e47911 | 2019

upon FBS withdrawal showed a partial rescue at 8 h that was
absent in the iron-treated samples (Fig 3A and B). This result
indicates that IO may prevent reactivation of mTORCI1 from nutri-
ents generated by the autolysosomes.

© 2019 The Authors
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We next tested whether maintenance of mTORC1 activation
under chronic I0 was sufficient to rescue the autophagic defects
observed. To do so, L6 cells were transiently transfected with a
Myc-tagged RHEB (Ras homolog enriched in brain) GTPase, which
contained the Q64L mutation to remain GTP bound and can
directly maintain mTORCI activity [39,40]. Transfected cells were
treated with iron for 24 h and then stained with anti-LC3B anti-
bodies to identify autophagosomal aggregates and anti-Myc anti-
bodies to mark cells transfected with Myc-RHEB mutant. We
found that cells with forced activation of mTORC1 exhibited a
dramatic absence of large autolysosome accumulation under
chronic iron treatment (Fig 3C, Box1) when compared to cells that
were not transfected under the same conditions (Fig 3C, Box2).
We next generated stable cell lines over expressing RHEB mutant
(RHEB Q64L L6) and compared to wt (wild-type) cells after treat-
ing with iron. As a control, we tested intracellular iron levels in
RHEB Q64L and wt cells after 24-h iron treatment and found them
comparable (Fig 3D). After 24-h iron treatment, wt cells developed
autophagosomal aggregates and compromised LC3B-free lysosomal
pools as previously observed. Conversely, RHEB QG64L cells did
not accumulate large autophagosomes and total lysosomal content
was comparable with/without iron treatment (Fig 3E and F).
Ultrastructure analysis by TEM further confirmed that RHEB Q64L
stable cells did not develop abnormal autophagosomal structures
after iron treatment, when compared to control (Fig 3G). To exam-
ine the functional significance of these observations, we tested if
maintenance of mTORCI activity affected [0-induced insulin resis-
tance. In RHEB QO64L cells, we observed improved insulin signal-
ing (p-IRS-1 Y612 and p-AKT T308) under IO (Fig 3H and I).
Taken together, these data suggest that loss of mTORCI activity
during chronic IO is responsible for autophagy defects and insulin
resistance.

10-induced insulin resistance and autophagy defects are reversed
upon iron withdrawal

In the clinic, I0-induced insulin resistance can be improved by iron-
restricted diets or iron chelation therapy [17,41]. Therefore, we
examined whether I0-induced insulin resistance could be rescued by
withdrawing iron from treatment medium following iron treatment
for 24 h. 24-h withdrawal resulted in alleviation of IO, by signifi-
cantly reducing intracellular iron levels as indicated by PGSK and
ferrozine-based colorimetric assay (Fig 4A and B). The recovery

EMBO reports

from 10 occurred concurrently with insulin sensitivity restoration.
Phosphorylation of insulin signaling molecules after insulin stimula-
tion significantly recovered after 24-h withdrawal (Fig 4C and D).
We next analyzed the effects of iron withdrawal after iron overload
on autophagosome and lysosomal populations. We observed that
iron withdrawal after chronic IO resulted in clearance of accumu-
lated autolysosomes and a restoration of LC3B-negative lysosomes
(Fig 4E and F). Iron overload has been described to inhibit the target-
ing of ferritin to autophagosomes. Therefore, we looked at ferritin
protein levels under IO and after iron wash off. As expected, ferritin
was stabilized by chronic 10 consistent with a block in autophagic
clearance and was cleared significantly by 24 h after media replace-
ment without excess iron (Fig 4G). Taken together, our data show
that iron removal results in clearance of abnormal autophagosomes,
restoration of lysosomes, and increased insulin sensitivity.

Chronic 10 blocks mTORC1 reactivation on autolysosomes and
signaling to UVRAG

We next sought to determine the mechanism underlying I0-induced
autophagic defects. We previously determined that forced mTORC1
activation was sufficient to block autolysosome accumulation
(Fig 3C and G). Therefore, we first sought to characterize the effects
of prolonged IO on regulatory phosphorylation of mTORCI. L6 cells
were treated with iron for 24 h or 24 h plus iron withdrawal.
mTORC1 was monitored by phosphorylation at $2448, which corre-
lates with mTORCI activity [42,43]. We observed mTORC1 phospho-
rylation was greatly diminished at 24-h 10 and recovered after 4 h of
iron withdrawal (Fig 5A). mTORC1 phosphorylation at S2448 is
dependent on localization to the lysosome or autolysosome for acti-
vation by the RHEB-GTPase activity, which is in turn regulated by
tuberous sclerosis complex (TSC)-AKT signaling [44,45]. We stained
cells for endogenous mTOR and LC3B and found that mTOR was
localized to autolysosomes under prolonged 10, indicating localiza-
tion defects are likely not the cause of mTORCI activity loss
(Fig EV4A). Therefore, we next looked at the effect of IO on AKT-
mediated inhibition of TSC2. We observed a decrease in inhibitory
phosphorylation of TSC2 under 10, which was dramatically reversed
upon wash off (Fig 5B). However, when iron withdrawal media was
supplemented with AKT inhibitor, mTORC1 was not re-activated
upon iron removal (Fig 5B). Together, these data demonstrate that
10 results in a decrease in AKT-mediated repression of TSC2, result-
ing in a potent repression of RHEB and mTORCI.

Figure 4. Restoration of lysosomal pools following iron withdrawal reversed insulin resistance.

A Representative confocal microscope images of L6 cells pulsed with PGSK dye after iron treatment (250 uM, 24 h) followed by 24-h iron withdrawal.
B Ferrozine-based colorimetric measurement of intracellular iron in L6 cells after iron treatment (250 uM, 24 h) followed by 24-h withdrawal. *P < 0.05, *P < 0.05

(multiple unpaired Student’s t-test versus basal or iron).

C, D Representative Western blot images and quantification of phospho-IRS1 (Y612) and phospho-AKT (T308) to GAPDH in L6 cell iron treatment (250 pM, 24 h)
followed by 24-h withdrawal. *P < 0.05, #P < 0.05 (multiple unpaired Student’s t-test versus basal or iron).
E Representative epi-immunofluorescent microscope images of L6 cells immuno-stained against LC3B and LAMP1 after iron treatment (250 uM, 24 h) followed by 3-

h withdrawal.

F Quantification of autophagosome-free lysosomes in (E). Experiments were performed three times, and one representative experiment is presented here. Red line
indicates median. *P < 0.05, P < 0.05 (multiple unpaired Student’s t-test versus basal or iron).
G Representative Western blot images and quantification of ferritin to vinculin in L6 cells after iron treatment (250 pM, 24 h) followed by withdrawal for 4 or 24 h.

*P < 0.05, *P < 0.05 (multiple unpaired Student’s t-test versus basal or iron).

Data information: All experiments were performed three times. Data are expressed as means + SEM. Scale bar = (confocal microscope, A) 10 um and (epi-

immunofluorescent microscope) = 20, 10, and 5 pm.

© 2019 The Authors
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Figure 4.

The lysosomal loss, mTORC1 inhibition, and autophagy defect activity via direct phosphorylation of UVRAG, a component of the
we observe under 10 are all consistent with a defect in ALR. VPS34 lipid kinase complex [38]. Phospholipid production by
mTORC1 promotes ALR through scission of the autolysosome UVRAG-containing VPS34 complexes is essential for the scission
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of the autolysosomal membrane. mTORCI1-mediated phosphoryla-
tion of UVRAG on serine S550 was monitored in L6 cells trans-
fected with FLAG-UVRAG that were treated with iron as indicated
followed by immunoprecipitation of FLAG-UVRAG-containing

EMBO reports

saw a slight increase in mTORCI1-mediated UVRAG phosphoryla-
tion, which indicates that mTORCl can be activated at the
autolysosome even when global mTORCI1 activity (as measured
by S6K phosphorylation) is low (Fig 3A). This is consistent with

VPS34 complexes (Fig 5C). Interestingly, at 4-h iron treatment we the relatively normal functioning of autophagosomes and
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Figure 5. Molecular mechanisms underlying 10-induced mTOR activity suppression.

A Representative Western blot images and quantification of phospho-mTOR $2448, total mTOR, and actin in L6 cells after iron treatment (250 pM, 24 h) followed by
withdrawal for 4 h. Experiments were performed three times. *P < 0.05, P < 0.05 (multiple unpaired Student’s t-test versus basal or iron).

B Representative Western blot images of phospho-mTOR S2448, total mTOR phospho-TSC2 T1462, total TSC2, phospho-AKT S473, total AKT, and actin in L6 cells after
iron treatment (250 pM, 24 h) followed by withdrawal for 4 h with or without MK2206 (AKT inhibitor).

C Representative Western blot images of phospho-UVRAG S550 and total UVRAG in L6 cells transfected with FLAG-UVRAG and FLAG pulldown after iron treatment

(250 pM, 4 and 24 h) followed by withdrawal for 1 and 3 h.

D  Representative Western blot images of endogenous phospho-UVRAG S550 and total UVRAG expression in L6 cells after iron treatment (250 puM, 24 h) followed by

withdrawal for 4 h with or without torinl (200 nM).

E, F Live cell imaging analysis of L6 cells transfected with LAMP1-RFP from Movie EV2: lysosomal number (E) and speed (F) in L6 cells after iron treatment (250 puM,
24 h) followed by withdrawal for 4 h with or without Torinl (200 nM). Experiments were performed three times, and all biological and technical replicates are
plotted here. Red line indicates median. *P < 0.05, #P < 0.05, p < 0.05 (one-way ANOVA with multiple comparisons).

G Representative confocal images of time-lapse captures of lysosomes at 6-s intervals for 30 s. White and yellow arrows mark positions of two representative LAMP1

puncta over 30 s, and the traces of puncta were shown as lines in final panel.

H  Schematic diagram of mTOR signaling regulation by 10.

Data information: Data are presented as mean + SEM. Scale bar = 10 pum.

lysosomes that we observe at this time point (Fig 2C and D).
However, at 24-h iron treatment we observed a dramatic loss in
mTORC1-mediated phosphorylation of UVRAG (Fig 5C), indicating
mTORCI is incapable of efficiently promoting ALR under chronic
iron treatment despite an overabundance substrate (mature
autolysosomes). Additionally, the removal of iron resulted in a
partial recovery of mTORC1-mediated UVRAG phosphorylation,
indicating that I0-induced stress was responsible for the loss of
ALR signaling (Fig 5C). We then used Torinl, a well-established
mTOR inhibitor [46,47], and found that in its presence recovery
of UVRAG signaling was completely abolished, confirming that
mTORC1 ALR signaling is regulated by IO (Fig 5D). Based on the
recovery of mTORCI signaling to UVRAG upon iron withdrawal,
we hypothesized that treatment of cells with Torinl would be
sufficient to block lysosomal recovery following iron withdrawal.
To validate our hypothesis, we monitored lysosomal number and
trafficking using cells transfected with RFP-LAMPI1 to determine
whether inhibition of mTORC1 was sufficient to ablate the rescue
of lysosomes upon iron withdrawal after chronic 10. RFP-LAMP1
was present on enlarged autolysosomes similar to endogenous
LAMP1 (Fig EV4B). Under basal conditions, the number of lyso-
somes ranged from 100 to 300 per cell, and continuously traf-
ficked and underwent fusion events (Fig SE). On the other hand,
iron treatment significantly reduced the number of lysosomes
(Fig SE) and the motility of LAMP1 particles was reduced signifi-
cantly (Fig SF and G, Movie EV2). The lysosomal pools were
significantly recovered near basal levels after 4-h withdrawal.
However, as predicted the addition of Torinl abolished recovery

of lysosomal pools and lysosomal motility following iron with-
drawal (Fig 5E and F). Collectively, these data demonstrate that
prolonged 10 results in lysosomal loss due to ablation of mTORC1
reactivation on autolysosomes caused by alterations in AKT-TSC-
RHEB signaling (Fig S5H).

Induction of 10 in mice and development of insulin resistance
following 10

As in previous studies which have adopted injections to induce 10
[48,49], we delivered iron intravenously at 15 mg/kg, a dose with
minimal toxicity [50], via three injections at 2-h intervals (Fig 6A).
Twenty-four hours after first administration, animals were sacri-
ficed, and tissue iron accumulation examined with Perls Prussian
Blue Staining. As expected, a robust increase in hepatic iron staining
and more modest increase in skeletal muscle iron content was
apparent (Fig 6B). Western blotting indicated that skeletal muscle
ferritin levels increased while TfR1 levels decreased significantly in
I0 mice (Fig 6C and D). IO mice exhibited signs of peripheral
insulin resistance, as shown upon examination of glucose handling
via insulin and glucose tolerance tests (Fig 6E-H). To directly inves-
tigate changes in skeletal muscle insulin sensitivity, we examined
insulin-stimulated phosphorylation of IRS-1 (Y612) and AKT (T308)
and observed significantly attenuated insulin-induced phosphoryla-
tion in IO mice (Fig 61 and J). Collectively, these data indicate that
our intravenous iron injection regimen recapitulated key aspects of
iron-induced insulin resistance in skeletal muscle from our L6 cell
culture model.

Figure 6. Development of acute iron overload (10) in vivo model and validation of 10 and insulin resistance in skeletal muscle.

A Schematic diagram of iron-dextran injections’ experimental plan.
B Prussian Perl blue staining in liver and skeletal muscle after iron injections.

C, D Representative Western blot images and quantification of ferritin and Tfrl (indicated by arrowhead) to tubulin in skeletal muscles 24 h after iron injections.

*P < 0.05 (unpaired Student’s t-test versus control).
Insulin tolerance test 24 h after iron injections.
Glucose tolerance test (GTT) 24 h after iron injections.

Quantification of area under curve for panel (F). *P < 0.05 (unpaired Student’s t-test versus control).

E
F
G Quantification of area under curve in ITT (E). *P < 0.05 (unpaired Student’s t-test versus control).
H
|

,]  Representative Western blot images and quantification of phospho-IRS1 (Y612) and phospho-AKT (T308) to GAPDH in skeletal muscles 24 h after iron injection
followed by i.p. insulin injection. *P < 0.05 (unpaired Student’s t-test versus control).

Data information: Results are presented as mean + SEM. n = 6 males for ITT and GTT. n = 3 males for Western blot analysis. Scale bar = 50 um.
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Figure 6.

10 caused reduced lysosomal pools with reduced UVRAG
signaling and inhibited autophagy flux

To measure ALR events in vivo, we performed LC3B and LAMP1
immunofluorescence on tissue sections and observed a pronounced

© 2019 The Authors

difference between the control and 10 groups (Fig 7A). In control
mice, there was a minimal complement of autophagosomes (LC3B
puncta) yet numerous lysosomes (LAMP1 puncta), quantitatively
200-300 puncta per field of view (Fig 7B). In IO mice, the number
of autophagosomes increased while the number of lysosomes
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Figure 7. Evidence of ALR defects in skeletal muscles after acute 10.

A Representative confocal microscope images of skeletal muscle tissue sections immuno-stained against LC3B (Alexa 647) and LAMP1 (Alexa 555)
B Quantification of lysosomes (LAMP1 puncta) in skeletal muscles 24 h after iron injections. *P < 0.05 (unpaired Student’s t-test versus control).

C Representative TEM images of skeletal muscle 24 h after iron injections.

D Representative Western blot images of phospho-UVRAG S550 and total UVRAG in skeletal muscle 24 h after iron injections.
E, F Representative Western blot images and quantification of LC3-B and p62 to tubulin in skeletal muscles 24 h after iron injections. *P < 0.05 (unpaired Student’s

t-test versus control).

Data information: Results are presented as mean &+ SEM. n = 3 males. Scale bar (confocal microscope) = 20 um. Scale bar (electron microscope) = 500 nm.

decreased significantly to less than 100 puncta per field of view. TEM
analysis of muscle tissue from the control group confirmed the
predominant appearance of lysosomes as single membrane clear struc-
tures, with occasional observation of autophagosomes (Fig 7C). On
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the other hand, TEM analysis of muscle from iron group showed very
sparse lysosomal content, with much smaller size than lysosomal
structures observed in the control group. Also present in 10 samples
were tubular projections that are characteristic of reduced activity of
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UVRAG-containing VPS34 complexes [38] (Fig 7C). We further
analyzed autophagy flux and ALR by Western blotting of UVRAG
phosphorylation, LC3B, and p62 expression. In iron-treated mice,
phosphorylation of UVRAG at S550 significantly decreased (Fig 7D),
matching in vitro data (Fig 5C and D). Moreover, both LC3B-II expres-
sion and p62 expression in the 10 group increased, indicating impaired
autophagy flux, compared to the control groups (Fig 7E and F). These
changes were also observed in liver, indicating that 10-induced ALR
defects are not limited to skeletal muscle and may have widespread
highly significant pathophysiological implications (Fig EV5). Taken
together, we have identified that IO induces an mTORCI reactivation
defect in skeletal muscle which leads to an ALR defect (Fig 8). This
represents a new mechanistic link connecting disturbed iron home-
ostasis to insulin resistance and metabolic dysfunction.

Discussion

I0 is a devastating and complex condition that most notably
arises in individuals with beta thalassemia that require frequent
blood transfusions or those with hereditary hemochromatosis,
while IO in metabolic syndrome is also a common finding [10].
The pathophysiological ~mechanism underlying I0-induced
diabetes is complicated as both insulin deficiency and insulin
resistance contribute [8]. The causative relationship between 10
and insulin secretion defects is well established [51], yet the
precise mechanisms whereby iron can elicit insulin resistance are
complicated and we believe that IO in skeletal muscle is underap-
preciated [13,52]. Here, we used an in vitro model using L6 cells
and translated this to analysis of mouse skeletal muscle using an
in vivo model of iron overload. In both, we observed that skeletal
muscle insulin sensitivity was significantly compromised after 10.
We found that preventing excess free iron levels in L6 cells using
an iron chelator could prevent I0-induced insulin resistance and
metabolic dysfunction, which is in keeping with the fact that

Acute 10
]
L

Lysosome
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clinical interventions to reduce free iron improved insulin sensi-
tivity and can delay onset of T2D [11-13].

We and others have recently focused on the role of autophagy in
regulation of metabolism at various levels [19,53,54]. For example,
we have previously shown that stimulation of autophagy by adipo-
nectin was of functional significance in improving insulin sensitivity
and metabolism in skeletal muscle [19]. Interestingly, 10-induced
insulin resistance has been described to involve reduced adiponectin
expression in adipocytes. However, systematic I0 did not always
translate to insulin resistance because adipocytes could enhance
iron excretion to avoid intracellular iron overload [55].

The relationship between 10 and autophagy has been examined,
where acute I0 was observed to stimulate autophagy [56,57].
Indeed, this is in agreement with our own observations in that I0
exposure for up to 8 h stimulates autophagy. This increase in autop-
hagy is likely the result of a compensatory cellular response upon
detection of cellular stress. Acute IO activation of autophagy is also
consistent with the observed rapid inhibition of mTORCI, the single
most potent repressor of autophagy in mammals that responds to a
large number of stressors including nutrient starvation and ER stress
[58-61]. Yet, there are several problems with these conditions. First,
acute 10 does not reflect clinical reality of individuals that suffer
from I0-chronic IO treatments and their pathophysiological effects
are a more realistic case study. Second, initiation of autophagy is
only the first step in a much more elaborate series of events that
evolved to resolve stress and promote cell survival. Following
autophagy, autophagosomes mature by fusing with lysosomes to
degrade cargo and this is then followed by a third stage, whereby
autolysosomal membranes are resorbed back into the endomem-
brane system, including reformation of lysosomes using a process
now referred to as ALR. ALR is thus critical for cells to regain their
degradative capacity and autophagic proficiency under prolonged
stress. We now show for the first time that chronic 10 causes
autolysosomes to accumulate while depleting cells of free lyso-
somes, suggesting a defect in ALR.

Prolonged 10
1

Phagophore Autophagosome Autolysosome  Scission, P}o/tolysosome

Figure 8. Schematic diagram of 10-mediated autophagy regulation.

ALR

© 2019 The Authors

Working model of autophagy regulation by 10. Acute 10 leads to inhibition of mTORC1 leading to autophagy induction. Prolonged 10 prevents ALR-mediated production of new
lysosomes through AKT-TSC-Rheb-mTORC1-UVRAG signaling defects. The lack of free lysosomes contributes to autophagy inhibition and insulin resistance in skeletal muscle.
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Importantly, we have determined that IO prevents the reactiva-
tion of mTORC1 on autolysosomes, thereby causing a precipitous
loss of a distinct lysosomal compartment. Normally, degradation of
autophagic cargo locally stimulates mTORC1 on matured autolyso-
somes, even when the majority of mTORCI remains inactive and is
not bound to lysosomes. This localized reactivation of mTORC1
then promotes lysosomal reformation from the spent autolysosomes
[38]. However, since I0 prevents mTORC1 activation, lysosome
reformation is impaired and lysosome numbers are depleted.
Conversely, iron withdrawal restored mTORC1 activity, downstream
UVRAG signaling, lysosomal numbers, and insulin signaling.
Furthermore, forced activation of mTORC1 by expressing the consti-
tutively active RHEB-GTPase not only prevented autophagosome
accumulation with minimal lysosomal loss, but also restored insulin
sensitivity in cells exposed to I0. Together, these data strongly indi-
cate that the block of mTORC1 activation on autolysosomes by 10 is
a contributor of insulin resistance.

Overall, our study adds important new knowledge on a novel
molecular mechanisms contributing to insulin resistance in response
to 10 and presents the first in vivo model to show an ALR defect
[27]. Mechanistically, we observed that chronic IO led to a decrease
in Akt-mediated repression of TSC2, resulting in a potent repression
of RHEB and mTORCI1, with consequent loss of ALR. Furthermore,
our data indicate that mTOR-UVRAG-dependent lysosomal pool
regeneration is an important contributor in maintaining autophagic
flux and insulin sensitivity in skeletal muscle. Together, our data
uncover a previously undocumented mechanism via which chronic
10 limits autophagic capacity and leads to metabolic dysfunction.
This observation may have implications in a wide range of disease
states where cellular IO plays a pathogenic role.

Materials and Methods
Materials

The cell culture medium [o-minimal essential medium (a-MEM)],
fetal bovine serum (FBS), and antibiotics/antimycotic solution were
purchased from Wisent (St Bruno, QC, Canada). Cytochalasin B
(Sigma) and human insulin (Humulin) were purchased from Eli
Lilly (Toronto, ON, Canada), and deoxy-D-[2-3H] glucose was
purchased from PerkinElmer (Woodbridge, ON, Canada). Ferrous
Sulfate heptahydrates (FeSO4-7H20, Cat#310077), Torinl (Cat#
475991) Monoclonal Anti-Vinculin (Cat#V9131), and beta-actin
antibody (Cat#AS5441 clone AC-15) were purchased from Sigma-
Aldrich (Ottawa, ON, Canada). AKT inhibitor MK-2206 was
purchased from Selleck Chemicals. S6K (Cat#ab32529), LAMP1
(Cat#ab25630), and Alexa 647-conjugated antibody (goat anti-
rabbit, Cat#ab15007) were purchased from Abcam (Cambridge, MA,
USA). LC3B (Cat#2775), GAPDH (Cat#2118), tubulin (Cat#2148)
antibodies, and phospho-specific antibodies (phosphorylation sites)
for AKT (T308, Cat#4056), phospho-S6K (T389, Cat#9234), phos-
pho-ULK1 (S757, Cat#14202), mTOR (Cat#2983) phospho-mTOR
(S2448, Cat#2971), TSC2 (Cat#4308T) phospho-TSC2 (T1462,
Cat#3617T) phospho-AKT (Ser473 Cat#4060), total AKT (Cat#4691),
horseradish peroxidase-conjugated secondary antibodies (anti-
rabbit-IgG, Cat# #7074 and anti-mouse-IgG, Cat#7076) were
purchased from Cell Signaling Technology (Beverly, MA, USA).
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UVRAG phospho-specific (S550, Cat# S307D) and UVRAG antibody
(Cat# S323D) were provided from MRC PPU at The University of
Dundee. Anti-transferrin receptor (Tfrl) monoclonal antibody
(Cat#13-6800 clone H68.4), phospho-specific antibody for anti-IRS-1
(Y612, Cat#44-816G), Alexa 555-conjugated antibody (donkey anti-
rat, Cat#A-21434), Lipofectamine 2000 (Cat# 11668019), and ProLong
Gold (Cat#P36930) were purchased from Thermo Fisher Scientific
(Burlington, ON, Canada). Anti-LC3B (Cat#PM036) and Anti-p62
(Cat# M162-3) were purchased from MBL. Anti-ferritin heavy chain
(Cat#NBP1-31944) was purchased from Novus Biologicals. Anti-Myc
(Cat# 9E10) was purchased from Alzforum. LAMP1 (Cat#sc-19992,
Santa Cruz) antibody and iron-dextran dextran (a ferric hydroxide, Fe
(OH)?, complex with low molecular weight dextran, Cat#9004-66-4)
were purchased from Santa Cruz Biotechnology Inc. VECTASHIELD
Antifade Mounting Medium with DAPI (Cat# H-1200) was purchased
from Vector Laboratories. Polyvinylidene difluoride membrane was
from Bio-Rad Laboratories, Inc (Burlington, ON, Canada), and chemi-
luminescence reagent plus was from PerkinElmer (Boston, MA).
Concanamycin A was purchased from BioShop Canada Inc. (Cat#
FOL202, Burlington, ON, Canada). All other reagents and chemicals
used were of the highest purity available.

Cell culture and generation of L6 cell line stably overexpressing
gene of interest

L6 skeletal muscle cell line (ATCC® CRL-1458™ tested mycoplasma
free) was grown to confluency in o-MEM supplemented with 10%
[volume/volume (v/v)] FBS and 1% (v/v) antibiotic/antimycotic
solution under a humidified atmosphere of 95% air and 5% CO, at
37°C. During treatment or iron withdrawal, the cells were switched
to medium containing 0.5% (v/v) FBS and 1% (v/v) antibiotic/
antimycotic. During iron treatment, ferrous iron stock, prepared by
dissolving ferrous sulfate heptahydrate (FeSO,-7H,0) in sterile
distilled water at 10 mM, was dissolved in treatment medium at
appropriate concentration. L6-GLUT4 cells stably transfected to
overexpress myc-tagged GLUT4 were a gift from Dr Amira Klip, The
Hospital for Sick Children, Toronto. IRE-CFP L6 cells stably trans-
fected to overexpress IRE-CFP were a gift from Dr.s’ James R
Connor and Stephanie Patton, Penn State Hershey Medical Center,
USA [62]. eGFP-mCherry-LC3B, eGFP-mCherry-p62 stables, and
myc-tagged RHEB Q64L mutant L6 cells were infected with lenti-
virus, and a stable polyclonal population was obtained through
puromycin (1 pg/ml) selection for stable integration.

Determination of intracellular iron

Intracellular iron concentration was estimated by ferrozine-based
assay as described previously [63]. Phen green SK (PGSK)
diacetate dyes [64] were used to determine the degree of di-valent
ions. Iron-specific probe-1 (IP-1) [29,65] was a kind gift from
Dr Christopher J. Chang, University of California, Berkeley, and was
used to determine labile iron levels in cells.

Gene expression analysis
Quantitative polymerase chain reaction (qPCR) was performed as

previously described [19]. Total RNA was extracted with RNEasy Mini
Kit (Qiagen, Toronto, Canada) and then converted to cDNA with

© 2019 The Authors



James Won Suk Jahng et al

GoScript Reverse Transcriptase (Promega). PCR cycle was performed
with iTag™ Universal SYBR® green mixture (Bio-Rad) at following
condition: 2 min at 95°C, followed by 40 cycles of 15 s each at 95°C,
60°C, 72°C. Relative gene expression levels were normalized to 18S
rRNA. Primers used in this study are summarized in Table 1.

Western blotting

Lysates were prepared as we described before [66]. SDS-PAGE was
performed, and proteins were transferred to PVDF membrane then
incubated with blocking buffer (3% BSA or 5% skim milk in TBS-
T), washed with TBS-T five times, and incubated with primary anti-
bodies (1:1,000 in TBS-T 2% BSA) overnight at 4°C. Next,
membranes were incubated in appropriate horseradish peroxidase-
conjugated secondary antibody (1:10,000 in TBS-T 2% BSA or skim
milk) for 1 h at room temperature. Quantitation of each specific
protein band was determined by densitometric scanning with
correction for the respective loading control.

Insulin sensitivity test

Glucose uptake was determined by measuring uptake of 2-deoxy-d-
[*H] glucose exactly as described previously [67]. L6-GLUT4 cells
were incubated with insulin (10 and 100 nM) for 20 min after treat-
ment with or without iron as described. Phosphorylation of IRS1
(Y612) and AKT (T308) was determined in cells incubated with
insulin (10 or 100 nM) for 5 min after appropriate treatment.

Transmission electron microscope (TEM)

TEM was performed as described previously [66]. Briefly, samples
were fixed in fixative (2% formaldehyde, 2% glutaaldehyde in
0.1 M sodium cacodylate buffer) for 2 h at room temperature. After
washing three times with sodium cacodylate buffer, samples were
fixed in 1% osmium tetroxide for 1 h at room temperature. After
dehydration with ascending concentration of ethanol in series (50—
100%), cells were embedded in Spurr’s epoxy resin. Thin sections
(60-80 nM) were cut with ultramicrotome and mounted on copper
mesh grids. The sections were then contrasted with 1% uranyl
acetate and lead citrate and examined with a FEI CM100 TEM and
Kodak Megaplus Camera.

Table 1. Primers used in this study for PCR.

Name Kind Sequence (5'-3')

FTH Forward CTTTGCAACTTCGTCGCTCC
Reverse ACGTCATCACGGTCAGGTTTCTTT

FTL Forward AGACCCTCACCTCTGTGACT
Reverse GGCGGTTACAAAGCTGCCTA

SLC40A1 Forward CGTGCTATCTCCGGTTCCTC
Reverse TGTCAAGAGGAGGCCGTTTC

TFRC Forward AGCCAGATCAGCATTCTCTAACT
Reverse GCCTTCATGTTATTGTCGGCAT

18S rRNA Forward CCATAAACGATGCCGACTG
Reverse CGCTCCACCAACTAAGAAC

© 2019 The Authors
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In vitro autophagy analysis

Activity of the autophagy pathway was monitored by Western blot
and immunofluorescence-based puncta quantification of LC3B. Flux
assay was performed by measuring levels of LC3B-I and LC3B-II
from cell lysates after appropriate treatment co-treated with lysoso-
mal inhibitor (chloroquine, 30 uM). LC3B immunofluorescence was
performed as described previously [32]. Briefly, cells were fixed,
permeabilized, and blocked with PBS solution containing 1% BSA
and 2% goat serum. After blocking, cells were incubated with
blocking solution containing LC3B (Cat#PMO036, MBL, conjugated
with Cy3 Alexa Fluor 555 1:1,000) and mouse anti-LAMP1
(Cat#A11029, 1:500). Cells were incubated with anti-mouse Alexa
Fluor 488 secondary antibody (Cat#ab25630, Thermo Fisher Scien-
tific, 1:200) at room temperature for 1 h. After incubation, cells
were mounted with DPAI after washes. Deconvoluted images were
captured with an Apotome enabled Zeiss AxioObserver.Z1. For live
cell imaging, L6 cells stably expressing eGFP-mCherry-LC3B or
eGFP-mCherry-p62 were seeded into ibidi chambers and treated
with iron (FeSO4, 250 pM) or starvation medium (without amino
acid). Treatments were carried out in FluorBright™ phenol red-free
DMEM (Invitrogen) supplemented with GlutaMAX. Images were
acquired and deconvolved using an environmental chamber control
(DeltaVision Elite-Olympus IX-71 with FemtoJet Microinjector)
microscopy.

Lysosome dynamics analysis

L6 cells were co-transfected with LAMP1-RFP and LC3-GFP using
Lipofectamine 2000 as per manufacturer’s specifications. Follow-
ing 8 h of transfection, cells were incubated in treatment medium
then imaged live. During live cell imaging, cells were maintained
in an environment set to 5% CO, and 37°C. We used a Quorum
Diskovery spinning disk confocal microscope system equipped
with a Leica DMi8 microscope and connected to an Andor Zyla
Megapixel sCMOS camera. Microscope and acquisition settings
were controlled using Quorum Wave FX powered by MetaMorph
software (Quorum Technologies, Guelph, ON). For time-lapse
imaging and determination of lysosomal dynamics, images were
acquired every 3 s for 3 min. For determination of lysosomal
numbers, images were acquired along the z-plane at a defined
interval of 0.3 pm.

For image analysis, lysosomal numbers were unbiasedly deter-
mined using particle detection tools in Volocity 6.3.0 software
(PerkinElmer). Lysosomal numbers were determined in at least 15
cells per condition per experiment, where we repeated each experi-
ment at least three independent times. For lysosomal track analy-
sis, movies were analyzed using particle detection tools in Imaris
(Bitplane) image analysis software. Lysosome particles were
defined as having a minimum of 0.5 um in diameter and tracked
using the software’s autoregressive motion track analysis function.
To minimize mis-tracking of particles, tracks were restricted to
particles that moved a maximum distance of 1 um between frames
and with no more than a maximum gap distance of three frames.
This analysis was completed for at least 6 cells per trial per condi-
tion with more than 100 tracks per cell. Track mean speed and
displacement, which is defined as the distance between start and
endpoints, were calculated.
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Cathepsin activity assay

We used Magic Red Cathepsin L Kit (Bio-Rad Technologies, Cat#
ICT941) and performed experiments as follows. After 24-h IO treat-
ment, I0 and control cells were incubated with 1x magic red cathep-
sin L reagent, concurrently or in the absence of 1 uM ConA, for 1 h,
prior to live cell imaging. Using spinning disk confocal microscopy,
confocal slices were acquired with a 0.3-micron interval between
slices. For image analysis, the total magic red fluorescence for MR-
positive puncta was determined and compared to the control coun-
terpart.

Lysosomal f-glucosidase activity assay

L6 cells were plated on ibidi 8-well m-Slide (Ibidi, Cat# 80826) over-
night and treated with iron (FeSO,, 250 uM) for 24 h. Cells were
then incubated in AMEM containing the B-glucosidase substrate
(5 uM) for 1 h (Marker Gene Technologies, Cat# M2775). Then,
cells were washed 3 times with PBS prior to the addition of
Opti-Klear™ Live Cell Imaging Buffer. Images were acquired and
deconvolved using an environmental chamber control (DeltaVision
Elite-Olympus IX-71 with FemtoJet Microinjector) microscopy.

Cyto-ID autophagy detection assay

L6 cells were plated on ibidi 8-well m-Slide (Ibidi, Cat# 80826) over-
night and treated with iron (FeSO,4, 250 pM). Cells were then incu-
bated in AMEM without phenol red containing Cyto-ID autophagy
detection stain (Enzo, ENZ-KIT175-0050) for 30 min with/without
iron and then washed with PBS. Images were acquired and decon-
volved using an environmental chamber control (DeltaVision Elite-
Olympus IX-71 with FemtoJet Microinjector) microscopy.

Iron overload animals, glucose tolerance tests (GTT), and insulin
tolerance tests (ITT)

Animal facilities met the guidelines of Canadian Council on Animal
Cars, and the York University Animal Care Committee approved the
experimental protocols. Animals were fed ad libitum on regular
chow diet and kept in temperature and humidity control rooms
(21 + 2°C, 35-40%) with a daily 12:12-h light-dark cycle. Groups
(n=6) of 2-month-old C57/BL6 male mice were randomized
into two groups and injected with iron-dextran intravenously
(15 mg/kg, diluted in PBS to make 150 pl injection volume) three
times at 2 h of interval or with only PBS as control. After 24 h post-
first injection, GTT and ITT were performed, without blinding, as
described previously [68]. For phosphorylation of insulin signaling
molecule analysis, mice were injected with 4 units of insulin per kg
before sacrifice.

Tissue immunofluorescence

Paraffin-embedded sections were deparaffinized and rehydrated
with descending concentrations of ethanol and then brought into
double distilled water. The antigens were retrieved in citrate buffer
pH 6.0 in autoclave for 15 min. After three washes with PBS,
sections then were permeabilized with Triton X-100 (0.3% Triton X-
100 in PBS) and blocked with 2% BSA and 5% goat serum in PBS
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for 90 min. Sections were incubated with LAMP1 (Santa Cruz) and
LC3B (MBL) at 1:100 in 2% BSA in PBS, followed by Alexa
secondary antibody-conjugated fluorophores (Alexa 555 donkey
anti-rat and Alexa 647 goat anti-rabbit). Sections were mounted on
coverslips with ProLong Gold and VECTASHIELD antifade mounting
medium with DAPI, and images were captured with Zeiss LSM 700.
The number of LAMP1 puncta was determined by setting pre-set
threshold “momentum” in ImageJ and counted the puncta
(> 0.6 um diameter, > 0.35 circularity) per field of views.

Statistical analysis

Data are expressed as mean =+ standard error mean (SEM) from at
least three separate experiments. The differences between groups
were analyzed using Prism 5.0 (GraphPad Software Inc., San Diego,
CA, USA) with one-way analysis of variance (ANOVA) followed by
Student’s t-test, with P < 0.05 considered as statistically significant.
Quantification of endogenous lysosome and autophagosome
number was performed using Perkin Elmer Volocity software for
unbiased identification and quantification of objects. Vesicle
numbers and individual vesicle sizes were identified from a mini-
mum of nine representative cells, with a minimum of 40 vesicles
per condition. Samples were compared using Student’s t-test.
Autophagosome mobility was determined by blinded vesicle track-
ing using a minimum of 11 time points to track an average of 10
autophagosomes per sample. Mean velocity was calculated for each
autophagosome, and sample sets across multiple conditions were
compared using Student’s t-test.

Expanded View for this article is available online.
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